A mutant of the F sex factor has been isolated that produces more F pili per cell than does the wild-type F factor. F pili have been purified in miliiram amounts from cells carrying either the mutant or the wild-type sex factor. The technique described yields F pili of up to 99% purity that can specifically bind to Escherichia coli cells and that bind to and reversibly inactivate male-specific bacteriophages. The F pilin subunit has a molecular weight of 10,750 and purified F pili have a buoyant density of 1.200 g/cm3.
The ability of F+ cells to act as donors in bacterial conjugation is dependent on their synthesis of F pili (for review see ref. 1 ). However, the function of F pili is still controversial. Brinton (1) has proposed that F pili not only recognize recipient cell surfaces but also act as the conduit for DNA transfer. In contrast, Curtiss (2) and Marvin and Hohn (3) have proposed that F pili retract after contact with the recipient cell, bringing the conjugating cells into wall-to-wall contact. Recent evidence (unpublished data) has shown that F pili are only needed for the initial stages of conjugation and play little or no role in DNA transfer itself. Common to all these hypotheses is that F pili can recognize Escherichia coli cell surfaces and bind specifically to them. To analyze this binding and its specificity, a source of purified F pili that can bind to E. coli cells was desirable. These F pili should also bind male-specific bacteriophages, a further criterion of biological activity.
We know of no published method that allows purification of F pili satisfying either of these requirements. In fact, the very purification of F pili is somewhat difficult because they readily form pseudocrystalline structures that are difficult to separate from particulate contaminants. Here we present both a suitable purification procedure and results demonstrating that the purified F pili can bind to E. coli cells specifically and can re' versibly inactivate male-specific bacteriophages.
MATERIALS AND METHODS The wild-type Flac element JCFLO (4) and a new F pilusoverproducing mutant of it, MPFL57, were introduced into the flaP871 F-strain M1379, originally obtained from Julius Adler. The F-strain JC3272 has been described (4) . The strain JE2217 which produces neither flagellae nor common (type 1) pili was obtained from Eiichi Ohtsubo via Hajime Hashimoto. These three strains are all E. coli K-12 derivatives. Bacillus subtilis 168 (strain MCB) was from the laboratory strain collection of T. A. Trautner and Pseudomonas putida AC30 was obtained from A. M. Chakrabarty.
Chemicals and Media. All chemicals used were of pro analysi or suprapure grade and were obtained from Merck (Darmstadt, BRD) except as noted. Sucrose was from Schwarz/Mann (Orangeburg, NY; RNase-free) and guanidine hydrochloride was from Fluka (Switzerland). Chemicals used in sodium dodecyl sulfate (NaDodSO4) gel electrophoresis were from Serva (Heidelberg, BRD). Our version of L broth has been described (5) .
Quantitation of F Pilus Yield and Purity. NaDodSO4 disc gel electrophoresis [10% (wt/vol) acrylamide/0.3% (wt/vol) bismethyleneacrylamide] was performed according to Weber and Osborn (6) . The gels were quantitated by densitometry with a Gilford gel scanner (Gilford Instrument, Oberlin, OH) after staining with Coomassie brilliant blue R250; bovine serum albumin (Serva) was used as reference. Control experiments demonstrated a linear relationship between the amount of protein analyzed and the Coomassie blue staining observed as long as less than 10 Ag of protein was analyzed. Determination of F pilin content was performed with <10,g of F pilin per gel; the contamination level was determined after loading 10-fold as much protein.
Electron Microscopy. Samples were applied to carbon-Formvar-coated copper grids by using a grid sized loop. After drying, the grid was washed twice with double-distilled water and subsequently stained with 2% phosphotungstic acid, pH 7. Examination was carried out in a Siemens Elmiscope Ia electron microscope at magnifications of about 10,000.
Purification of Antisera. Both rabbit and sheep antisera were obtained after four subcutaneous, multilocular injections of purified F pili in complete Freund's adjuvant followed by two injections in incomplete Freund's adjuvant.
In order to purify F pilus specific antibodies, 150 ,ug of F pili was dissolved in 80% sucrose and passed through a 0.22-,um, 4.7-cm nitrocellulose (Millipore) filter (electron microscopic analysis revealed that essentially all the F pili remained bound to the filter). Then, 3 ml of antiserum was slowly (24 hr) passed through these filters. Nonspecifically bound material was removed by washing with 60 ml of phosphate-buffered saline (140 mM NaCI/10 mM sodium phosphate, pH 7.2) and F pilus specific antibodies were eluted with 30 ml of 0.5 M glycine.HCl buffer, pH 2.5. The eluted antiserum was neutralized with 30 ml of 1 M K2HPO4 buffer and dialyzed against phosphatebuffered saline. NaDodSO4 gel electrophoresis revealed only the heavy and the light immunoglobulin chains, and this purified antiserum did not agglutinate F-E. coli cells. F Pilus Binding to Cells. For the standard method, 2-3 ytg of purified F pili, dissolved in 40 Ml of 80% sucrose, was added to 4 X 107 cells in 2 ml of L broth. This mixture was then incubated at 370 with gentle shaking until early stationary phase (2 X 109 cells per ml) was reached. Specimens were prepared for electron microscopy and the number of F pili bound per cell was determined. On the E. coli strains used here, the common pili (when present) are shorter, thinner, and more rigid than F pili and can readily be distinguished by electron microscopy.
Abbreviations: NaDodSO4, sodium dodecyl sulfate; TE, 0.1 M Tris/0.5 mM EDTA, pH 7.8.
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Furthermore, in some cases, the strain JE2217 which does not synthesize common pili was used, with results comparable to the other E. coli strains.
In other experiments, 10 ,gg of F pili that had not been dissolved in sucrose was added to the F-cells. After growth to early stationary phase, the 2-ml mixture was washed by 1:5 dilution with L broth followed by low-speed centrifugation and gentle resuspension in 2 ml of L broth.
For the immunological assay, the standard method was used and, after growth to early stationary phase, 0.3 ml of purified anti-F pilus antibodies was added to 1 ml of the reaction mixture. After 1 hr of further incubation (370, without shaking), agglutination was determined by light microscopy.
PURIFICATION METHOD
In four repeats of the following purification method, recovery ranged from 24 to 56% of the pili detectable in stages III and IV. Solution percentage concentrations are expressed as wt/ vol. Stage I: Cell Growth. Ten liters of L broth in a Microferm fermenter (New Brunswick Scientific, New Brunswick, NJ) was inoculated with 5 X 107 cells. Incubation was at 370 (8 liters of air per min, 500 rpm) and cell titer was determined with a Coulter counter. Glucose (0.4% final concentration) was added as the cells entered stationary phase. Incubation was continued for approximately 4 more hr until the culture again entered stationary phase. Sufficient crushed ice was added to reduce the culture temperature to about 100 in 10 min. All further manipulations were at 0°-40, except CsCl density centrifugation was at 15°.
Stage II: Harvesting. The cells were collected by flowthrough centrifugation (Sorvall SZ 14, 15,000 rpm, 300 ml/ min). Stage III: Pilus Precipitation. The supernatant from stage II was brought to 2% polyethylene glycol 6000,0.5 M NaCl, pH 7.2. After 14 hr, the precipitated F pili plus contaminating cells were pelleted by centrifugation (Sorvall GSA rotor, 11,000 rpm, 20 min). Stage IV: Reextraction from Cell Pellet. The 80-g cell pellet from stage II was resuspended in 200 ml of 30% sucrose and incubated with magnetic stirring for 1 hr at 370. Four CsCl step gradients [50 ml each of 51%, 45%, 38%, and 31% CsCl in 0.1 M Tris/0.5 mM EDTA, pH 7.8 (TE)] were formed in Sorvall GSA buckets and each was overlayed with 50 ml of the cell suspension. Centrifugation for 14 hr at 5000 rpm (Sorvall HS4 rotor) yielded three visible bands. The uppermost, containing F pilus crystals, was pooled with the fluid above it and diluted to 1 liter with TE. The pili were precipitated for 8 hr with polyethylene glycol 6000 and NaCl and concentrated by centrifugation as in stage III.
Stage V: Dissolution of F pili. The F pili in the pellets from stages III and IV were dissolved in 48 ml of 80% sucrose by overnight shaking of the GSA buckets at 350 rpm (New Brunswick Gyrotory incubator). The buckets were washed with TE and the washes were combined with the dissolved precipitates at a final sucrose concentration of 30%. This preparation was immediately centrifuged (6000 rpm, 45 min, Sorvall GSA rotor). Approximately 20% of the pili recrystalized and sedimented with the contaminating cells.
Stage VI: Second Extraction. The pellet from stage V was resuspended in 18 ml of 80% sucrose by magnetic stirring for 12 hr and diluted to a final sucrose concentration of 26% with TE. Nine-milliliter samples were loaded on six CsCl step gradients (5 ml each of 51% and 45%, 7 ml of 30%, and 10 ml of 31% CsCl in TE). Centrifugation for 3 hr at 12,000 rpm (Beckman SW 27 rotor) yielded a visible pilus band which was removed and pooled with the supernatant from stage V.
Stage VII: Recrystalization. The pooled material from stages V and VI (volume, approximately 150 ml) was dialyzed against 2 liters of TE (five 12-hr dialyses). The dialysis tubing used had a diameter of 40 mm and had been washed by extensive boiling in 10 mM NaHCO3/10 mM EDTA. During dialysis the tubing was suspended vertically, and the recrystalized pili sank to the bottom. The supernatant formed during dialysis was removed by draining the dialysis tubing from a hole 2 cm above the pilus crystals. The remaining contents (about 20 ml) were centrifuged (4000 rpm, 10 min, Sorvall HB4 rotor).
Stage VIII: CsCI Isopycnic Density Centrifugation. The pellet from stage VII was dissolved in 16 ml of 80% sucrose by stirring for 14 hr. The solution was diluted to 42 ml with TE and six samples, 7 ml each, were layered on CsCI step gradients (10 ml each of 42%, 31%, and 22% CsCI in TE). Centrifugation (22,000 rpm, 20 hr, Beckman SW 27 rotor) resulted in three bands, the uppermost of which contained F pili. This band was dialyzed against 1 liter of TE (three 12-hr dialyses) and the pilus crystals were pelleted (3000 rpm, 10 min, Sorvall HB4) and resuspended in 5 ml of TE. Such preparations could be stored at 40 for several months before any degradation could be detected.
RESULTS
F Pilus Overproducer. F+ cells are typically rather poor as a source of F pili because F pili rapidly disappear as the cells reach the stationary phase of growth. Furthermore, such cells rarely contain more than 1 pilus per cell when grown in preparative quantities. Because F pili readily form pseudocrystals, we reasoned that a mutant that overproduced F pili and did not lose them in stationary phase might be detectable on the basis of its aggregation with other donor cells due to cocrystalization of pili from different cells. We therefore mutagenized an (Flac)+ culture with ethyl methanesulfonate and, after overnight growth for expression, added an excess of Hfr cells. We allowed 20 min for aggregation at 370 and separated aggregated cells from single cells by sucrose gradient centrifugation (5) . Then, 2000 single colonies were individually inoculated into L broth and, after overnight growth into stationary phase, were examined for visible clumping. Fifteen self-aggregated clones were further analyzed by electron microscopy, and six proved to carry more F pili than did the wild-type cells; none of the 15 clones was mutated for either DNA transfer or surface exclusion. The Flac element from one of the six mutants was transferred by conjugation into an unmutagenized F-strain that does not synthesize flagellae, where it also produced more F pili.
Thus, the mutation(s) resides on the F factor. The mutation is recessive and may map on EcoRI fragment 15 of F because chimeric plasmids sharing only this EcoRI fragment [pRS27, pRS29 (7) ] complemented the mutant to the wild-type phenotype; other chimeric plasmids (pRS31) did not. Fig. 1 presents the results of electron microscopic analyses of these mutant cells under the growth conditions we use prior to F pilus purification. The mutant sex factor produced approximately twice as many F pili per cell as did the wild type and did not rapidly lose them upon growth into stationary phase. The pili from this mutant also proved to form pseudocrystals more readily than did those from wild-type cells, such that our losses upon purification of F pili were less with mutant cells than with the wild-type cells (see below). However, for unknown reasons, the pseudocrystals were more difficult to purify from contaminating proteins, thus yielding final preparations that were slightly contaminated. We have not been able Two-liter cultures in L broth were analyzed. One-milliliter samples taken at the times indicated were fixed with formaldehyde (2%) and prepared for electron microscopy. Each value represents at least 30 cells. Glucose was added at the time indicated by the arrow, as the cells first entered stationary phase.
to detect any other differences between mutant and wild-type F pili. F Pilus Purification and Physical Properties of F Pili. The crucial features of our method are (i) reextraction of all pellets for F pili that would otherwise be lost, and (ii) the use of 80% (wt/vol) sucrose to dissolve F pilus pseudocrystals. Our yields from two preparations each, starting with 10-liter cultures and about 80 g of cells, have been 2 mg for wild-type and 7 mg for mutant F pili. The majority of the F pili in the final preparations were in pseudocrystals, large enough to be readily detected by phase-contrast light microscopy. We have found only two treatments that dissolve the pseudocrystals: 80% sucrose or 4 M guanidine-HCI. Treatment with lower concentrations of sucrose or guanidine hydrochloride or with Triton X-100 (1%), glycerol (50%), or NaCI (2 M) did not dissolve the pseudocrystals as determined by light or electron microscopy.
The final preparations of F pili were routinely analyzed by electron microscopy and NaDodSO4 gel electrophoresis. Electron microscopy revealed primarily F pili pseudocrystals plus a few membrane vesicles. No common pili were detectable, even after the F pili were dissolved with sucrose. for several months at 40, increased numbers of F pili with terminal knobs were detected. NaDodSO4 gel electrophoresis revealed that >90% of the protein from mutant preparations and >99% of the protein from wild-type preparations migrated as a single band, referred to as F pilin, with an apparent molecular weight of 10,750 (Fig. 2) . The same molecular weight estimate was obtained from amino acid analyses (data not shown). The nature of the minor proteins in these preparations was investigated to determine whether they represented additional F pilus subunits. Upon loading samples containing 100 ,gg of F pilin, it could be seen that most of the remaining protein was in one band that comigrated with the cell envelope outer membrane protein lb (8) . Samples taken earlier in the purification procedure contained a higher proportion of this protein, and it could be totally removed by further CsCl density gradient centrifugation of the final F pilus preparations. (Unfortunately such centrifugation also resulted in extensive loss of F pili.) In addition, the final preparations contained approximately 1% by weight of lipopolysaccharide (B. Lugtenberg, personal communication). Thus, we conclude that the minor protein represents outer membrane vesicle contamination and that we could not detect an F pilus subunit other than F pilin.
Estimates of F pilus density range from 1.197 to 1.296 g/cm3. We find that estimates of the density as measured by CsCl density gradient centrifugation are strongly increased when preparations contain only minor levels of contamination. We therefore purified F pili from wild-type and mutant cells to homogeneity by further CsCI centrifugation before determining their density. The mean (+ SD) from two experiments each with mutant and wild-type F pili (Fig. 3 ) was 1.200 + 0.002 g/cm3.
Because the length of F pili is highly variable, it is not possible to derive an accurate conversion factor for F pili per ug of F pilin protein. However, based on comparisons between the number of F pili per cell in the initial cultures (assayed by electron microscopy) and the amount of F pilin detected in the preparations at stages III and IV of the purification method, we derived the rough conversion factor of 2 X 1010 F pili per ,ug of F pilin. This value was used to calculate the multiplicity of F pili for experiments with bacteriophages and cells (see below).
Binding of Male-Specific Bacteriophages. Both the spheric RNA phage MS2 and the filamentous DNA phage fd could bind to the purified F pili (Fig. 4) . However, the binding efficiencies differed. After addition of excess MS2 phages, 42% of the F pili from the wild-type strain and 63% of the F pili from the mutant strain were densely coated with the phages. This binding seemed to be cooperative because, upon addition of MS2 at lower concentrations, fewer F pili were detected with bound phages but again those few were densely covered. In contrast, after addition of excess fd phages, only very few (approximately 1%) of the F pili were detected with fd phages bound. The inefficient binding of fd to cell-bound F pili has been reported by others (9, 10) .
These electron microscopic observations were confirmed by demonstrating that the F pilus preparations reversibly inactivated both M12 (similar to MS2) and fd. The male-specific bacteriophages were added to F pilus preparations (5 X 107 plaque-forming units of bacteriophages and 1 ,ug of F pili per ml). Pilus-bound bacteriophages were removed by filtering the mixture through Gelman (Ann Arbor, MI) Metricel GA-6 filters, and the residual bacteriophage titer was assayed. Within 30 inin of mixing the phages with the pili, 90% of the M12 and 30% of the fd phages had bound to the F pili and were retained by the filter. The binding was largely reversible because dilution of the bacteriophage/pilus mixtures, without filtration, revealed that only 20% of the M12 and none of the fd bacteriophages was inactivated. In the absence of added F pili, no inactivation could be demonstrated by either filtration or dilution.
F Pilus Binding to Cell Surfaces. Two different approaches were used to demonstrate specific binding of the wild-type and mutant F pili to E. conl cell surfaces. Pili that had been disaggregated in sucrose were added to cells. After time for adsorption, purified anti-F pilus antibodies were added. A visible precipitate formed when any of three E. coli cells were used, regardless of whether they carried common pili or flagellae. In contrast, no precipitation was detectable when Bacillus subtilis or Pseudomoas putida cells were tested. Preincubation of the F pili with the antibodies before addition to the cells drastically reduced the amount of subsequent precipitation. These observations were confirmed by light microscopy (Fig.  5) .
For the second approach, electron microscopy was used to quantitate F pilus binding to cells. In one series of experiments, mixtures of F pili and cells were washed by centrifugation. After one washing cycle, numerous F pili were detected bound to the E. coli cell surface together with a background level of unattached pili (Fig. 6A) . After a second washing cycle, F pili bound to the cell surface were still detectable ( Fig. 6B ) with essentially no unattached pili visible. Thus, the purified F pili can bind to the cell surface tightly enough to survive two cycles of centrifugation and resuspension. In other experiments, lower concentrations of F pili were used (approximate multiplicity of 10 at the time of sampling).
In such experiments, washing was not necessary because the background level of unattached F pili on the electron microscope grids was so low that almost no unattached F pili were detected when E. coli cells were used ( Fig. 6 C and D) . Under these conditions, 2 F pili were bound per E. coli cell whereas only 0.05 was detected with Bacillus or Pseud onas cells (Fig.  7) . The few Bacillus or Pseudomonas cells scored as having bound an F pilus may represent artifacts in which the cells and the F pili independently attached to the same part of the grid. This view is supported by the observation that the background level of unattached F pili was much higher in these cases than with E. coli cells; therefore, such artifacts should have been more common. The F pili bound to E. coli cells were radially oriented as if they had bound by their tips. In a few cases, terminal knobs were seen on the free ends of the E. coli-bound pili.
It has been demonstrated that the addition of high titers of male-specific RNA or DNA phages can inhibit the formation A rI ,r of mating aggregates (11) . We could not test the effects of DNA phages because their binding to the pili is so poor. However, addition of MS2 (2 X 1012 plaque-forming units/ml) to a mixture of E. coli cells and F pili reduced the number of pili bound per cell from 2.0 to 0.8 (88 cells scored) within 30 min. Furthermore, we never observed RNA phages bound to an F pilus that was itself bound to the E. coli surface. Control experiments demonstrated that no lysis of these F-cells occurred due to the combination of F pili plus MS2 bacteriophage.
Although the number of F pili bound per E. coli cell was low, it should be noted that only low multiplicities of F pili were used. Even under these conditions, cells with eight F pili bound were observed (Fig. 7 ). Upon addition of larger amounts of F pili (Fig. 6A and other observations), cells with 40 or more F pili bound have been observed. Thus, there should be at least that many F pilus receptors on the F-cell surface.
DISCUSSION
It might be demanded that a function related to DNA transfer, to retraction, or to irreversible inactivation of male-specific bacteriophages be demonstrated before one can conclude that purified F pili are biologically active. However, it is our contention that there is no clear evidence demonstrating that the F pili on F+ cell surfaces are independently capable of any of these functions. DNA transfer may well occur via wall-to-wall contacts not involving the F pilus. The evidence for retraction (12) is largely circumstantial, and alternatives such as proteolytic degradation have not been excluded. Finally, irreversible inactivation of male-specific bacteriophages may well involve cell surface components that first act after reversible binding of the phage to the F pilus. Thus, the minimal criterion for biological activity should be that purified F pili bind specifically to E. coli cell surfaces and that they bind and (reversibly) inactivate male-specific bacteriophages.
The F pilus preparations analyzed here can reversibly bind bacteriophages. At least 50% of the F pili can bind RNA phages and 90% of the phages added were reversibly inactivated. DNA phages are notoriously poor at binding to F pili (9, 10). However, phages bound to the tip of the F pilus were observed ( Fig.  4) and 30% of the input phages were reversibly inactivated.
The observed binding of F pili to the E. coli cell surface should be examined critically to exclude the possibility of experimental artifact. However, binding was demonstrable by two independent methods: direct observation by electron microscopy, and precipitation of mixtures of cells and F pili by purified anti-F pilus antibodies. With both methods, no significant binding was detected when bacteria that are not expected to bind F pili (Bacillus and Pseudomonas) were tested. Furthermore, the F pili did bind to E. coli cells at low multiplicities and were not removed even by two cycles of washing.
The addition of F pilus-specific RNA bacteriophages resulted in the loss of cell-bound F pili. Finally, the visual impression was that the pili had bound by their tips. All these observations support the interpretation that the purified F pili bind to cells in the same manner as the F pili on F+ cells during bacterial conjugation with F-cells. Furthermore, the data presented here are as convincing as the available microscopic data demonstrating that the F pili on F+ cells bind with their tips to Fcells.
Thus, we conclude that the method described here succeeds in the purification of F pili that satisfy minimal criteria for biological activity. The method is simple and yields at least as many F pili as do the two other sex pilus purification procedures previously described (13, 14) . Together with the overproducing mutant, it yields F pili in amounts and of purity sufficient to enable physical and chemical characterization. Furthermore, these pili should enable characterization of their receptor on E. coil cell surfaces. Note Added in Proof. An alternative method for purifying F pili that can bind RNA phages has just been published by Date et al. (15) . We thank G. Morelli for help with electron microscopy, G. Stoffler for the antiserum preparations, and D. Marvin and K. Bieberich for the fd and MS2 phage preparations. Discussions with T. Trautner, C. Edelbluth, N. Kennedy, R. Thompson, L. Beutin, S. Hall, and D. Brauer were very fruitful.
